The evolutionary interplay between myxoma virus (MYXV) and the European rabbit (Oryctolagus cuniculus) following release of the virus in Australia in 1950 as a biological control is a classic example of host-pathogen coevolution. We present a detailed genomic and phylogeographic analysis of 30 strains of MYXV, including the Australian progenitor strain Standard Laboratory Strain (SLS), 24 Australian viruses isolated from 1951 to 1999, and three isolates from the early radiation in Britain from 1954 and 1955. We show that in Australia MYXV has spread rapidly on a spatial scale, with multiple lineages cocirculating within individual localities, and that both highly virulent and attenuated viruses were still present in the field through the 1990s. In addition, the detection of closely related virus lineages at sites 1,000 km apart suggests that MYXV moves freely in geographic space, with mosquitoes, fleas, and rabbit migration all providing means of transport. Strikingly, despite multiple introductions, all modern viruses appear to be ultimately derived from the original introductions of SLS. The rapidity of MYXV evolution was also apparent at the genomic scale, with gene duplications documented in a number of viruses. Duplication of potential virulence genes may be important in increasing the expression of virulence proteins and provides the basis for the evolution of novel functions. Mutations leading to loss of open reading frames were surprisingly frequent and in some cases may explain attenuation, but no common mutations that correlated with virulence or attenuation were identified.
T
he experimental introduction of myxoma virus (MYXV) into the European rabbit (Oryctolagus cuniculus) population of Australia and its unprecedented and unanticipated spread initiated one of the great natural experiments in evolution (1) . The subsequent emergence of slightly attenuated viruses that were more efficiently transmitted and the natural selection of rabbits with genetic resistance to MYXV were carefully documented in real time (2) . Sixty years later these studies continue to inform theory and practice in host-parasite coevolution and particularly the complex relationship between virulence and transmissibility.
MYXV is a poxvirus and the type species of the Leporipoxvirus genus. MYXV is native to South America, where its natural host is the tapeti (forest rabbit; Sylvilagus brasiliensis), in which the virus causes a largely innocuous, localized, cutaneous fibroma. MYXV is transmitted by mosquitoes or other biting arthropods probing through the fibroma and picking up virus on their mouthparts. Transmission is passive, as MYXV does not replicate in the vector. In European rabbits, which are not native to the Americas, MYXV causes the generalized lethal disease myxomatosis. As such, this represents a classic example of a pathogen that is highly virulent in a new host species with no evolutionary history of adaptation to that pathogen. Viruses closely related to MYXV are found in Sylvilagus bachmani (brush rabbit) on the west coast of the United States and the Baja Peninsula of Mexico (Californian myxoma viruses) and in Sylvilagus floridanus (eastern cottontail) in eastern and central parts of North America (rabbit fibroma virus [RFV] ) (2) .
European rabbits were introduced into Australia with European settlement in 1788, but the continent-wide spread of rabbits was initiated in 1859 by the introduction of 18 to 24 wild rabbits for hunting. Within 50 years these rabbits had spread over most of Australia with the exception of the wet tropics and the far north (3) . The European rabbit became Australia's worst vertebrate pest, responsible for enormous ecological destruction and agricultural losses. Field trials in 1950 to assess MYXV as a biological control resulted in the mosquito-driven epizootic spread of the virus throughout much of southeastern Australia in the summer of 1950 to 1951, and it reemerged the following spring (4) . Assisted by large-scale inoculation campaigns, MYXV spread and was established over the rabbit-infested areas of Australia during the next 5 years (2) .
The MYXV introduced into Australia, termed Standard Laboratory Strain (SLS), was derived from an isolate made in Brazil, probably in 1910 (2, 5) and subsequently maintained by rabbit passage. Importantly, the original virus used to initiate the epizootic was available to serve as a reference for subsequent field isolates. SLS had a case fatality rate estimated at 99.8% in infected wild rabbits and similar lethality in laboratory rabbits, which are domestic breeds of Oryctolagus cuniculus.
It quickly became apparent that viruses with slightly lower case fatality rates were emerging in the field and outcompeting ongoing releases of the virulent SLS (6) (7) (8) . Fenner and Marshall (9) classified the virulence of MYXV into 5 grades based on average survival times, case fatality rates, and symptomatology of groups of 4 to 6 laboratory rabbits infected with very low doses of virus. The predominant viruses in the field were of grade 3 virulence (case fatality rates of 70 to 95%), with average survival times that were prolonged compared to that for SLS (17 to 28 days versus Ͻ13 days). Mosquito transmission is a function of the titers of virus in the skin lesions induced by the virus and how long the rabbit survives. By allowing the infected rabbit to survive for longer with high titers of virus, the moderately attenuated viruses had a selection advantage over more-virulent strains. Highly attenuated grade 5 viruses (Ͻ50% case fatality rates) tended to be poorly transmitted because the infected rabbits controlled virus replication, in turn reducing transmissibility (10) . Importantly, the emergence of more-attenuated virus strains may have facilitated the rapid selection of rabbits with genetic resistance to MYXV (2) . A separate strain of MYXV was released in France in 1952; the virus was obtained from the Laboratory of Bacteriology in Lausanne, Switzerland, and has hence been termed the Lausanne strain (Lu), although like SLS it was originally isolated in Brazil (in Campinas in 1949). Unlike SLS, Lu had undergone relatively few rabbit passages. Lu and SLS have indistinguishable levels of virulence in laboratory rabbits; however, Lu is considerably more virulent than SLS in genetically resistant rabbits. Despite the differences in starting virus, environmental conditions, and insect vectors, the outcome of MYXV-rabbit coevolution in Europe was remarkably similar to that in Australia, with the emergence of attenuated viruses and the selection of rabbits with genetic resistance (11) .
The Lu strain of MYXV is considered the reference genome. It has a double-stranded DNA (dsDNA) genome of 161,777 bp with inverted terminal repeats (TIR) of 11,577 bp. It contains 158 unique open reading frames, 12 of which are duplicated in the TIR. Genes located toward the center of the genome tend to be conserved between poxviruses and are essential for replication and structure, whereas those toward the termini tend to be involved in subversion of the host immune response or have host range functions and are less conserved across poxviruses (12) .
We have recently outlined the evolutionary patterns and dynamics of the Australian progenitor SLS virus and 19 Australian isolates sampled between 1951 to 1999, as well as two isolates of grade 1 and grade 5 virulence from the early radiation of MYXV in the United Kingdom following the introduction of MYXV there in 1953 (13) . To reveal the genetic basis for the phenotypic differences between these viruses, and particularly their profound differences in virulence, we report here the detailed genome sequences of these viruses plus those of an additional five Australian viruses. In addition, we sequenced and analyzed a second strain of KM13 (KM13 2A) and the Lu virus strain produced by the Commonwealth Serum Laboratories (CSL) for release in Australia, as well as a grade 3 virus isolated in the United Kingdom in 1954. Such a rich genomic data set enabled us to obtain a more detailed picture of the evolution and geographic spread of this virus through Australia and particularly the broad range of genes involved in this evolutionary process.
Materials and Methods
Virus isolates. The isolates of MYXV used in this study are described in Table 1 .
Preparation of DNA. Viruses were passaged twice in RK13 cells to prepare working stocks; viral DNA was prepared from infected RK13 cells as previously described (13) .
Sequencing, assembly, and comparative analyses. The seven virus samples newly reported here were sequenced on the Illumina HiSeq 2000 platform. Demultiplexed and trimmed sequence reads were assembled with the Velvet de novo assembler (14) using a range of k-mer values from 59 to 77 and an expected coverage of 600ϫ. Contigs containing MYXV genomic DNA were identified by BLASTX searches and were ordered into a single scaffold against the Lu genome (accession no. AF170726) using the Abacas.pl script (15) . The quality of each scaffold was verified by remapping the untrimmed reads to the assembly using Smalt (www .sanger.ac.uk/resources/software/smalt/); the resulting BAM files were converted to pileup format to verify the read coverage at each site. Read coverage line plots for scaffolds at each k-mer value were generated in R and examined by eye. In general, we found that scaffolds generated at high k-mers (greater than 65) resulted in single contig assemblies of the MYXV genomes, but inspection of coverage plots revealed many low-coverage regions. Further examination of these low-coverage areas revealed that these were large insertions unique to the strain in question compared to the 23 previously sequenced strains of MYXV (13) . Assemblies at lower k-mer values (51 to 65) were often fragmented into multiple contigs but showed even read coverage across contigs corresponding to MYXV segments. Further, these were of the expected lengths relative to the 23 previously sequenced strains (13) . Gaps, single nucleotide polymorphisms (SNPs), and indels of interest were closed by Sanger sequencing of PCR products. In every case, only one complete, or nearly complete, copy of the terminal inverted repeat (TIR) was assembled at either the 5= or the 3= end, though up to a full read length of the complementary TIR was observed at the opposite end, allowing easy identification of the TIR junction. To further verify the position of the TIR junction, we duplicated the complete TIR, generated a reverse complement of the sequence that was added on the opposite end, and remapped the sequence reads to that assembled portion of the genome.
Genome annotation was transferred from the Lu strain to the newly sequenced MYXV genomes using the Rapid Annotation Transfer Tool (16) . EMBL flat files of transferred gene models were then inspected and compared to Lu using the Artemis comparison tool (17) ; incorrect models were corrected, and new gene models were added where transfer had not occurred. Genes are numbered based on their location in the MYXV genome, with the direction of transcription indicated by L or R (e.g., M010L). Genes in the TIR are identified by L/R (e.g., M007L/R). Proteins are identified by the same number as the gene with the transcription direction omitted, e.g., M010.
To generate the heat maps for the comparative analyses of each gene to the SLS and Lu strains, we used a custom Perl script to produce multi-FASTA files containing all taxa in which this gene was present. Sequence alignments were generated using ClustalW (18) , and PAUP* 4.0b10 (19) was used to remove ambiguous and gapped sites from the alignments and generate the number of SNP mutations in each gene. Columns from the distance matrix comparing viral taxa to SLS were parsed, and two subsequent matrices were generated, one for European strains compared to Lu and one for Australian strains compared to SLS.
Evolutionary analysis. A total of 30 genome sequences of MYXV were subjected to phylogenetic analysis, with a total alignment length of 163,555 nucleotides (nt). Sequences were aligned by MAFFT (20) , then inspected by eye. Phylogenetic analysis employed the maximum likelihood (ML) method, available in PhyML 3.0 (21) . Because of the very low numbers of substitutions separating these sequences, we employed the HKY85 model of nucleotide substitution (22) with subtree pruning and regrafting (SPR) branch swapping. To assess the robustness of each node on the tree, a bootstrap resampling analysis was undertaken (1,000 repli-cates) employing the parameters described above. To determine whether these 30 MYXV genomes contain any recombinant regions, we utilized the RDP, GENECOV, and BOOTSCAN methods available within the RDP4 package (23) and the default parameters. As with our previous study (13) , no recombination was observed.
To estimate the rates of evolutionary change and times to common ancestry in these data (including those of two key nodes shown in Fig. 1) , we employed the Bayesian Markov chain Monte Carlo (MCMC) method, available in the BEAST package (24) . This analysis utilized both strict and relaxed (uncorrelated log normal) molecular clocks, a Bayesian skyline coalescent prior, and the HKY85 nucleotide substitution mode. The MCMC was run for 100 million generations, and convergence was observed in all parameters. Statistical uncertainly is presented as values for the 95% highest-probability density (HPD).
Nucleotide sequence accession numbers. The seven new MYXV genome assemblies have been deposited on GenBank under accession numbers KC660079 to KC660085.
RESULTS

Evolution and phylogeography of MYXV.
Our phylogenetic analysis of 30 complete MYXV genomes, including 5 new Australian isolates sampled during 1993 to 1999 and an early attenuated isolate from the United Kingdom sampled in 1954, depicted the major division between the Australian and European epidemics observed previously ( Fig. 1) (13) , with no evidence of recombination. In addition, that all the recently sampled Australian viruses (1991 to 1999) are clearly distinct from both SLS and Lu indicates that these two viruses made no significant contribution to the later evolution of MYXV in Australia even though they were introduced multiple times over many years. Hence, these data suggest that all (sampled) Australian MYXV strains have their ancestry in the initial introduction of SLS in 1950, although the close phylogenetic relationship among the sequences means that we cannot determine whether the Glenfield (Gv) strain, which was also widely released in NSW and Victoria, made any contribution to the spread of MYXV. Our estimates of rates of nucleotide substitution-at 0.8 ϫ 10 Ϫ5 to 1.1 ϫ 10 Ϫ5 nucleotide substitutions per site per year (95% HPD values)-and times to common ancestry were also essentially identical to those observed previously (13) . Hence, these data again indicate that the evolution of MYXV is both relatively rapid (for a dsDNA virus) and remarkably clocklike.
A visual overview of genome scale genetic variation, manifest as the genetic distance of each gene from the progenitor strain-SLS for the Australian isolates and Lu for the European isolates-is represented by heat maps ( Fig. 2A and B, respectively) . These maps reveal that the majority of genes remain highly conserved, with a few genes exhibiting more diversity. An example of the latter is M017L. Although the function of this gene is unknown, it has acquired mutations in the majority of the Australian strains compared to SLS ( Fig. 2A ; Table 2 ). Multiple genes (M003.1L/R, M103L, M105L, and M132L) have acquired mutations in OB3/1120/1996 and WS6/1071/1995, which are linked to the other MYXV strains by a relatively long branch (Fig. 1) . However, of these, only M103L encodes a protein with a predicted function (structural membrane protein), while the majority of To reveal aspects of the phylogeography of MYXV, we coded the Australian isolates by their state of origin ( Fig. 1) , in which CD delineates viruses that were sampled in close proximity to each other (within 10 to 15 km) in the Canberra District, which straddles the NSW/Australian Capital Territory (ACT) border in southeastern Australia (see below). Strikingly, BD23 and BD44, sampled from hot, dry rangelands at Bulloo Downs in southwest Queensland in 1999, are very closely related to viruses (OB2/W60/ 1995 and SWH/1209/1996) sampled 3 to 4 years earlier from the cool-climate, higher-rainfall Canberra district, approximately 1,000 km away. Also of interest is the Meby strain, sampled from Tasmania, which is separated from mainland Australia by the Bass Strait, which is up to 240 km wide. Although SLS was released in Tasmania in the early 1950s following its spread on the mainland, Meby is clearly descended from a mainland virus that diverged in the late 1960s and has then remained isolated since this time (Fig.  1) . It is therefore possible that the virus reached Tasmania from the mainland on a mosquito inadvertently transported by ship or plane. The majority of the sequenced viruses were isolated between 1993 and 1996 from a set of seven closely situated study sites (WS1, WS6, OB1, OB2, OB3, SWH, and BRK) in the Canberra district (25, 26) . From the phylogenetic analysis ( Fig. 1 ) it is obvious that viral lineages have cocirculated at a single locality during a specific time period. In general, these results highlight the relative rapidity of MYXV movement, likely aided by mosquito transmission, including a dispersal of over 1,000 km during 1950.
Comparison of the SLS and Lu sequences. SLS was the original virus released in Australia in 1950. We compared the complete genome sequence of SLS to that of the Lu strain. These two progenitor strains have differences in symptomatology, virulence, and passage history prior to release. Overall, there are 80 nucleotide differences (0.05% difference), including indels, between SLS and Lu (72 if TIRs are counted in only one copy) ( Table 3) . However, frameshifts in M005L/R, M083L, and M152R due to indels also produce multiple amino acid changes in SLS compared to the Lu sequence: M005L/R, which codes for an E3 ubiquitin (Ub) ligase/apoptosis regulator, is disrupted by a C insert at nucleotide 34. It is likely that translation occurs from an alternative ATG from nucleotide 17 that does not change the ANK repeats and the C-terminal F-box domain of the M005 protein. M083L is disrupted by a C deletion in a homopolymer tract at nucleotide 513. M083 is homologous to rabbit carbonic anhydrase (12) and is probably a virion structural protein. Finally, there is a T deletion in a homopolymer toward the 3= end of the M152R (Serp 3) gene at nucleotide 782; read-through of the Lu stop codon leads to a predicted protein of 273 amino acids in SLS rather than 266 amino acids in Lu. These indels are also present in Australian isolates of MYXV sampled between 1951 and 1953, confirming that the mutations were present in the progenitor virus. It is likely that one of these frameshift mutations explains the reduced virulence of SLS compared to that of Lu.
Comparisons of SLS with subsequent Australian isolates. We sequenced three isolates of MYXV that had been sampled within the first 3 years of the initial epizootic of myxomatosis in Australia and that had been previously characterized in terms of virulence (9): the Gv strain (Dubbo/Feb 1951; grade 1 virulence), KM13 (Corowa/Dec 1952; the prototype grade 3 virus), and Uriarra (Ur) (Uriarra/Feb 1953; grade 5 virulence [27] ). Amino acid sequence changes and gene disruptions between SLS and these three viruses are summarized in Table 4 .
Three of the nonsynonymous mutations in Gv, which is more virulent than SLS, are in enzymes involved in viral transcription and replication, M044 (RNA helicase: R606H; the R is conserved in chordopoxvirus sequences), M108 (DNA helicase: F18I; only MYXV and RFV have F at this position; other chordopoxviruses have I, M, or L), and M114 (RNA polymerase: A686V; the A is completely conserved at this position in chordopoxvirus sequences), each of which could affect replication efficiency. M014L, M130R, and M153R all have single-nucleotide indels that disrupt the reading frame. The single-nucleotide indel in M014L causes premature termination at residue 477, making the protein smaller than the 517-amino-acid SLS protein. This indel is also present in Ur and KM13, indicating that the mutation arose early on. M014 has an N-terminal BTB motif and C-terminal kelch motifs and is predicted to form an E3 ubiquitin ligase complex that targets cellular proteins to the proteosome for destruction (28) . This trun- cation would delete the final kelch domain, potentially altering target protein recognition. However, the role of M014 in virulence is unknown, as is that of M130R. The large number of gene disruptions in Gv suggests that this virus may be a variant selected during previous plaque purification (29) from which this virus was obtained. The likely explanation for the attenuation of KM13 is the disruption to M014L. Although this mutation is also present in the virulent Gv, there is no other obvious mutation that might lead to the attenuation of KM13. To further assist in the documentation of virulence determinants, we also sequenced a laboratory variant of KM13 reported to have a lower case fatality rate (KM13 2A) (2, 30) . The only difference between KM13 and KM13 2A appears to be an extra A in a noncoding sequence of KM13.
Also of note is that Ur has an extra C inserted after nucleotide ATG. This is likely the main attenuating mutation in Ur. Ur also has an A insert in a homopolymer tract toward the 3= end of M134R at nucleotide 5911, the same location as the 3A insert in Gv and KM13 (Table 4) . This leads to a predicted truncated protein of 1,973 amino acid residues, rather than the 2,000 residues of the SLS and Lu proteins, which retains the predicted C-terminal transmembrane domain that is conserved across the Chordopoxvirinae. Recent Australian isolates. In total, we determined sequences for 21 Australian viruses isolated between 1991 and 1999, 6 of which had been characterized by virulence assays: Bendigo, Wellington, BRK (grade 1), SWH, Gung (grade 4), and Meby (grade 5) (31). All of these viruses have the C insertion at 35 in M005L/R and the T deletion in M152R seen in SLS. However, the indel in M083L present in SLS, Ur, Gv, and KM13 has reverted in every Australian isolate sequenced from the 1990s. Similarly, the indel disrupting the M014L gene found in Gv, Ur, and KM13 is not present in any of the more recent isolates. All the isolates have the 3A indel in M134R seen in Gv and KM13. However, the underlying sequence reads that map to that genomic region indicate that there is a subpopulation of viruses in OB3/1120 that have a 2A insertion, rather than a 3A insertion; this 2A indel would lead to disruption of the M134R ORF. A similar subpopulation with the 2A insert was seen in Ur, which has a majority population with a single A insert. Homopolymer sequences such as those in M134R are common in MYXV, and poly(A) or poly(T) tracts are common at the 3= ends of genes and in the intergenic sequence, where they are frequently part of promoter structures for the downstream gene or the T 5 NT early transcription termination signal. In the Australian isolates, 13 of 16 single-base indels that occur in coding sequences (Table 5 ) occur in homopolymer tracts of 4 or more bases, and there are 17 positions with single-base indels in intergenic homopolymers involving one or more viruses (positions in TIRs have been counted only once). Polymerase slippage leading to read-throughs or premature termination (e.g., SLS M152R) may facilitate evolutionary plasticity, allowing slight changes in protein sequences. Indels either in homopolymers or repeat sequence can also lead to gene disruption, in turn affecting virulence (32, 33) , and also function to repair ORFs, as in the case for M083L.
All but one of the recent isolates have a frameshift mutation due to a single nucleotide insertion in a homopolymer tract in M009L, a member of a three-gene family (M006L/R, M008L/R, and M009L) (12) that are predicted to encode E3 ubiquitin ligases with N-terminal BTB domains followed by kelch motifs (28) . The insertion at nucleotide 420 produces a truncated protein of 146 rather than 509 residues. In addition, four viruses have further mutations that disrupt the reading frame, and M009L is also disrupted in viruses that have gene duplications from the right hand (RH) end of the genome (see below), implying that this gene is nonessential. BRK has a 92-bp deletion in the M036L gene, which leads to a truncated protein of only 212 residues rather than 680 in the SLS protein. The function of this gene (an orthologue of vaccinia virus [VACV] O1L) in MYXV is unknown, but in VACV the O1 protein enhances signaling via Erk1/2 by the viral epidermal growth factor (VGF) homologue and increases virulence (60) . As BRK is of grade 1 virulence (31), M036L is unlikely to be crucial for virulence in this virus. In this respect, the attenuated United Kingdom isolates Sussex (1954; grade 3) and Nottingham (1955; grade 5) also have a common indel that disrupts the M036L ORF, and the attenuated Spanish isolate 6918 has an independent disruption in M036L (34) . Both Nottingham and 6918 possess other mutations that explain attenuation. However, the disruption in M036L is the only one in Sussex, suggesting that it may play some role in virulence.
ORF-disrupting mutations were also common in M153R, which encodes a protein with an N-terminal RING-CH domain, which is predicted to form an E3 Ub ligase complex and which downregulates major histocompatibility complex class 1 (MHC-1), CD4, ALCAM/CD166, and Fas/CD95 on the membranes of infected cells, potentially inhibiting CD8 ϩ T lymphocyte recognition and death signaling. Deletion of this gene in the T1 Lu-derived strain reduced the case fatality rate from 100% to 30% (35) (36) (37) . Meby, a grade 5 virus, has a 73-bp deletion between repeat sequence blocks (AATACG) in the region of M153R encoding the C-terminal conserved region (CR) (31, 35) of the 206-amino-acid protein, which leads to read-through of the normal stop signal and a completely changed C-terminal protein sequence after residue 168. A single nucleotide deletion at nt 469 in WS6/1071 and OB3/ Table 5 ). The disruptions to M008.1L/R in BD44 and M005L/R in WS6/346 might be expected to attenuate these viruses (38, 39) . Gene duplications. The inverted terminal repeat regions of poxviruses contain noncoding terminal regions essential for replication but also contain different numbers of genes, depending on the location of the TIR boundary. These genes typically have virulence or host range functions, but the number of genes can vary greatly. This region also appears to be a potential recombination hot spot, as shown by recombination and deletions, including those in malignant rabbit virus, a recombinant between MYXV and RFV (40), or the MYXV SG33 vaccine strain (41) .
Two genes, M154L and M156R, which are normally found as single copies outside the RH TIR, with M156R overlapping the TIR boundary, have been duplicated at the left hand (LH) TIR in the common ancestor of SWH/1209, OB2/W60, BD44, and BD23. In addition, the M153R gene has been partially duplicated (Fig. 3) . This duplication is essentially an expansion of the TIR by 1,635 bp, 36 nt downstream of the M153R ATG start codon, meaning that M153R now overlaps the TIR junction (25) . At the LH end of the genome, this duplicated sequence has replaced 923 bp of the M009L gene, leaving only the 5= 608 bp; however, the M009L ORF is disrupted after codon 146 due to a T insert at nt 420. M156 is an orthologue of the VACV K3 protein and is predicted to inhibit the action of type 1 interferon (IFN) (42) . M154 is an orthologue of VACV M2 and so may inhibit NF-B (12, 43) . At the LH end, M153R lacks the 5= 36 nucleotides and upstream promoter, and the insert is not in frame with the M009L sequence. Interestingly, this duplication was observed in the Canberra region in viruses isolated in 1995 and 1996 and is also present in viruses isolated from southwest Queensland in 1999; that viruses with this deletion occupy such a wide geographic area means that the deletion is unlikely to have an adverse effect on fitness. Whether this duplication of two potential virulence genes increases virulence or compensates for other mutations by increasing expression of these proteins is not known. Finally, two intergenic repeat sequence regions have been defined as being variable in Australian field isolates (25, 31) , one between M017L and M018L, with 2 to 8 extra copies of a GTAT GTAG repeat compared to SLS and 1 or 2 extra copies of an AGT TTAGT repeat (Fig. 4A) , and the other immediately upstream of the M002 gene in the TIR, with 27 or 39 nucleotides deleted in 10 recent Australian isolates (Fig. 4B) . That the latter duplication occurs on multiple branches of the phylogenetic tree indicates that it has been gained or lost in different viral lineages.
Promoter sequences. Alterations in gene expression and potentially virulence could occur due to changes in promoters. The poxvirus early (E), intermediate (I), and late (L) promoter sequences are conserved in the leporipoxviruses (44) . Six viruses have mutations with a potential impact on putative promoters. WS6/346 has a T deletion in the upstream T tract of the M008.1L/R L promoter (Fig. 5A) ; OB1/406 has an extra T in the upstream T tract of the L promoter for M057L (Fig. 5B) . G91 has a mutation in a putative weak L promoter for M000.5L/R, but whether this ORF is expressed has not been determined (Fig. 5C ). SWH/8-2-93 has an extra A inserted in the potential E promoter for M138L (Fig. 5D) , which might be predicted to enhance the promoter structure based on consensus early promoter sequences (44) . WS6/1071 and OB3/1120 have an A deleted in the 3= end of the potential E promoter of M153R (Fig.  5E ), which could have an impact on promoter activity. However, both viruses also have a deletion at nt 321 in M153R, which disrupts the ORF.
Pathways to attenuation and virulence in Australian isolates.
Overall, nine viruses derived from SLS and sequenced here have previously defined virulence phenotypes. The coding changes from SLS in these viruses are summarized in Table 6 . Three attenuated viruses were sequenced from the 1990s, of which only the grade 5 Meby has a probable explanation for its attenuated phenotype. Strikingly, the grade 4 SWH/9/1992 is closely related to the grade 1 BRK. Excluding the disruption of the M036L ORF in BRK, only three coding differences exist to explain the attenuated phenotype of SWH: a P227S mutation at the C terminus of M004, a P33L mutation in M087 (mRNA capping enzyme; P at this position is conserved in most poxviruses), and a VP duplication in the M093 viral core protein. BRK has one unique mutation outside M036, A47V in M112, a Holliday junction resolvase. The A in this position is not conserved outside the leporipoxviruses. A similar analysis with the three grade 1 viruses sequenced revealed only two shared mutations for two viruses: Bendigo and Wellington both share I481V in M032 and Y302H in M099, the major core protein precursor. This suggests that attenuation and virulence mutations may be subtle or involve multiple epistatic effects.
An example of the complexity of possible virulence determinants involves two genes that encode proteins that are functionally conserved in poxviruses and inhibit type 1 interferon responses: M029L, an orthologue of VACV E3L, and M156R, an orthologue of VACV K3L (Fig. 1) . Eleven of the recent Australian isolates have an A17V mutation in M029L, the only one in this gene; based on a molecular clock dating analysis, this mutation was fixed between 1969 and 1975 ( Fig. 1) and coincides with the introduction and spread of the European rabbit flea, which altered the epizootology of myxomatosis in temperate Australia. Interestingly, this mutated sequence has reverted to the original sequence twice on independent branches of the tree and in viruses isolated from widely separated geographic regions. M029 has been shown to function similarly to VACV E3, binding double-stranded RNA, inhibiting protein kinase R (PKR) activation, and inhibiting IFN-␤, tumor necrosis factor alpha (TNF-␣), and interleukin-6 (IL-6) expression (45) ; it is a critical virulence factor in rabbit infections but also has a second function of binding RNA helicase A (RHA; DHX9), which promotes virus replication in some cell lines, so it has been described as a dual-function virulence and host range factor (46) . The amino acid sequence from the related leporipoxvirus RFV is conserved from amino acid 1 to 8 and is identical to that from MYXV from amino acid 20 to 55 but is poorly conserved between residues 9 and 19; this region is also divergent in the Californian MSW strain of MYXV (47) . If we consider the mutation and reversion in MYXV and the divergence in 3 leporipoxviruses with different natural hosts, then we find it possible that this region is involved in species specificity and host adaptation.
M156 is a homologue of the alpha subunit of eukaryotic translation initiation factor 2 (eIF2␣) and competes with eIF2␣ for phosphorylation by PKR (42) . The L98P mutation in M156 is present in 13 of the modern isolates and most likely has appeared twice on independent branches of the tree (Fig. 1) (although a lack of bootstrap support at key nodes means that we cannot formally exclude a single origin of this mutation). Two of the viruses with this mutation, WS6/346 and OB3/ Y317, which are phylogenetically distinct, possess an additional T deletion in a homopolymer at the 3= end of M156R that allows read-through of the stop codon and the addition of EG at the C terminus of the protein. Based on its nuclear magnetic resonance (NMR) structure, the 102-amino-acid M156 protein is predicted to be a 5-stranded antiparallel ␤ barrel (42) . The L98P mutation occurs in the ␤5 sheet, with the L side chain predicted to form part of the interior of the barrel, while it has been proposed that residues D97 and R99 are involved in binding PKR (42) . Interestingly, M156R has been duplicated in the common ancestor of four of the viruses sequenced here, all of which have the L98P mutation. In VACV undergoing artificial selection, K3L has been shown to expand and reduce in copy numbers while acquiring adaptive mutations (48) .
The virulent Lu CSL virus, released in Australia from the 1970s to the 1990s. The Lu virus was widely released in Australia from the 1970s to the 1990s. However, our phylogenetic analysis, coupled with previous studies (25, 31, 49) , demonstrates that Australian field isolates are derived from SLS and that, if Lu has left descendant viruses in Australia, they have not been sampled. The Lu virus sequenced here is from a vial supplied for release and has only a single difference from the originally published Lu sequence (12, 34) : a C insert at nucleotide 142 in a homopolymer tract in M127L, causing a frameshift mutation. The mutation may have been present in a single plaque or pock used to produce the original seed virus for release (50) .
DISCUSSION
MYXV evolution is characterized by a relatively high rate of nucleotide substitution, frequent changes of virulence, and a rapid A) Intergenic repeat sequence between M017L and M018L
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Insertions and deletions in noncoding repeat sequence regions in MYXV isolates.
spread in geographic space. This was exemplified by the initial mosquito-borne epizootic in 1950 to 1951, during which SLS spread across an area approximately 1,600 km south to north and 1,800 km east to west in 3 months (4). Indeed, our phylogeographic analysis clearly shows that viruses from geographically disjunct regions of Australia can still be remarkably closely related, indicative of frequent viral traffic. The success of MYXV and, subsequently, rabbit hemorrhagic disease virus (RHDV) as biological controls, combined with changes in land management, means that modern rabbit populations are likely to be less connected than in 1950 (51, 52) . The key vectors for viral transmission are the mosquito, which is predominantly a spring to autumn vector and requires water for breeding, and rabbit fleas, Spilopsyllus cuniculi (in temperate Australia) and Xenopsylla cunicularis (in arid Australia), which were introduced into Australia in 1970 and 1994, respectively. Fleas provide the potential for local transmission year round, whereas mosquitoes are seasonal but have the potential for longer-distance spread. Virus may also be spread by dispersing migrating rabbits-predominantly juvenile males-that are either incubating the disease or immune and carrying fleas with the virus. In addition, large-scale rabbit migrations out of dry country during droughts may bring high numbers of susceptible animals into contact with virus, providing opportunities for spread. Accidental or deliberate translocation of infected rabbits could possibly also occur. Work in the Canberra district also suggests that viral spread is rapid, as shown by the multiple viral lineages that can cocirculate within a single community, with no apparent dominance of one lineage over any other. Such lineage cocirculation also tentatively suggests that these viruses do not differ greatly in long-term fitness despite their possible differences in virulence, although this will need to be confirmed with additional data. Indeed, in our analysis as a whole, there was no obvious signal for major fitness differences across multiple genotypes within a small geographic range.
The outcome of infection with MYXV depends on the interaction of multiple viral immune evasion and immunosuppression proteins and proteins and cells of the host innate and adaptive immune systems, together with the proteins required for virus replication, assembly, and infection. The emergence of slightly attenuated viruses during the early radiation in Australia and Europe means that mutations that enhanced transmission were selected because the infected rabbit survived longer than rabbits infected with grade 1 strains.
Most of these early (slightly) attenuated viruses still had case fatality rates of 90 to 99%, but with prolonged survival times compared to those for SLS and Lu (6, 9, 53) . Experimentally, grade 4 viruses (case fatality rate of 50 to 70%; average survival times of 29 to 50 days) had the highest rates of mosquito transmission (10), but in field surveys from 1951 to 1981, these viruses were always less prevalent than grade 3 viruses (54). The rapid selection of rabbits with resistance to myxomatosis, which appears to operate through an enhanced innate immune response rather than resistance to infection (55, 56) , is likely to have driven virus evolution toward increased virulence and hence to maintain transmissibility and competitiveness, and this may explain the preponderance of grade 3 viruses since all these virulence measurements were done in laboratory rabbits with no resistance. Viruses with a grade 1 phenotype in laboratory rabbits appear as grade 4 or 5 in wild rabbits with genetic resistance, while some such as BRK are found to be more virulent than the progenitor SLS when tested in wild rabbits (57, 58) .
The pathway to virulence reversion and enhancement could involve reversal of attenuating mutations. For example, reversal of the indel in M083L has occurred in the common ancestor to all the modern isolates that we sequenced, while that in M014L was common to all three early viruses sequenced, although whether this is a reversal is not clear. Similarly, mutations could compensate for attenuating mutations, such as the disruption of M036L, which There is a TAAAT late promoter motif (italicized) incorporating the ATG start codon (in red). This is preceded by a 6-nt spacer and then a run of 8 Ts (underlined), which is typical of strong late promoters (spacer of 4 to 10 nt and then a T-rich tract of 5 to 15 nt). A number of isolates have a mutation at the underlined upstream T (T¡C), but this seems unlikely to affect the promoter structure. WS6 346 and OBY317 have a T deletion in the 8-T tract. At the LH end of the genome this promoter is in a noncoding sequence, but at the RH end it is within the 3= end of M156R. (B) M057L late promoter. A TAAAT motif incorporates the ATG, a 4-nucleotide spacer, and then 8 Ts. OB1/406 has an extra T in the T tract, making 9 Ts. (C) M000.5L/R possible late promoter. The putative promoter structure is italicized. The 2 C residues are almost invariably A in late promoters. There is no upstream T-rich domain for 100 nt upstream. G-91 has a C¡T mutation in the putative promoter structure, yielding TTCATG. There is no sign of an upstream A-rich region that could act as an early promoter. (D) M138L early promoter. SWH 8/2/93 has an extra A. The dash is in the poly(A) tract of the italicized potential promoter. (E) M153R early promoter. A potential early promoter sequence is italicized. All Australian isolates lack the upstream T (underlined). This seems unlikely to have any impact on the promoter. WS6 1071 and OB31120 lack an A in the homopolymer tract (boldface). A possible alternative promoter is underlined but seems too close to the ATG. BRK has the nucleotide mutation at this position, but the earlier 92-bp deletion in M036L means that the reading frame is disrupted here. appears to be attenuating in Sussex but not in BRK, or mutations could increase virulence by new pathways. The duplication of virulence genes and the fragmentation of some reading frames also provide the raw material for further evolution of new functions, as has occurred, for example, in cowpox virus, where a gene fragment has evolved a new function in immunosuppression (59) . While this might suggest that field isolates should now be of higher virulence for laboratory rabbits, the reality appears more nuanced, with grade 4 and 5 viruses present in our samples, indicating that many factors at the local level influence the effective virulence and successful transmission. In addition, the widespread establishment of the European rabbit flea in Australia, which was credited with enhancing the impact of myxomatosis by providing a yearround vector and increasing transmission, may have altered the selection pressures on both virus and rabbit. The large and complex genome of MYXV has provided the plasticity for multiple routes to attenuation and multiple and complex routes back to virulence. The accumulation of mutations in more-recent virus isolates makes it difficult to identify single mutations that are critical for phenotype, whether virulent or attenuated. In particular, we have shown here that it is difficult to define possible roles for single amino acid changes or potentially even synonymous changes in this evolutionary process. Indeed, there has been remarkably little characterization of Australian field viruses in rabbits or even in cell culture since the 1980s. Importantly, characterization of the sequenced viruses in rabbits will provide opportunities for matching virulent and attenuated viruses that are phylogenetically closely related and for using reverse genetics to define these pathways.
